The Plasmodium falciparum parasite is an obligate intracellular pathogen whose invasion and remodeling of the human erythrocyte results in the clinical manifestations of malarial disease. The functional analysis of erythrocyte determinants of invasion and growth is a relatively unexplored frontier in malaria research, encompassing studies of natural variation of the erythrocyte, as well as genomic, biochemical and chemical biological and transgenic approaches. These studies have allowed the functional analysis of the erythrocyte in vitro, resulting in the discovery of critical erythrocyte determinants of Plasmodium infection. Here, we will focus on the varied approaches used for the study of the erythrocyte in Plasmodium infection, with a particular emphasis on erythrocyte invasion.
erythrocyte surface (Fig. 2 ). Here we review the different approaches that are being developed for the in vitro functional analysis of the erythrocyte (Table 1) , with a special emphasis on invasion that has been the focus of considerable study.
Studies of natural variation of the erythrocyte
Malaria has exerted a detectably strong selective pressure on the human genome. Over the last few decades, a number of erythrocyte polymorphisms have been found to provide resistance to malaria. These polymorphisms are often spatially distributed in areas of intense malaria transmission (Williams, 2006) . Polymorphic erythrocyte proteins such as hemoglobin for sickle cell trait (HbAS) and glucose-6-phosphate dehydrogenase (G6PD) have been associated with protection from malaria in vivo Allison and Clyde, 1961; Gilles et al., 1967; Ruwende and Hill, 1998) , and it has been postulated based on studies in mice (Min-Oo et al., 2003; Ayi et al., 2004 Ayi et al., , 2008 ) that pyruvate kinase deficiencies could also provide protection in humans (Daily and Sabeti, 2008) ; however, the mechanisms governing such protection are poorly understood. These polymorphic erythrocytes have been used in in vitro assays to determine their relevance to the processes of Plasmodium invasion, growth and development, protein trafficking and erythrocyte surface display, and rosetting or cytoadherence (Roth et al., 1983; Fairhurst et al., 2005; Ayi et al., 2008; Cholera et al., 2008; Cyrklaff et al., 2011) . Importantly, these polymorphic erythrocytes provide specific candidate host proteins that are likely critical in these virulence processes.
Invasion
All of the known receptors for erythrocyte invasion belong to polymorphic human blood group antigen families. A strong body of evidence implicating specific surface receptors in Plasmodium parasite invasion and growth stems from work examining the role of naturallyoccurring erythrocyte mutants. These erythrocytes completely lack a protein, contain a partial deletion or are polymorphic -either in sequence or expression level and have provided valuable clues implicating specific proteins as receptors for invasion. Naturally occurring mutants have been used both to determine the specificity of binding of different parasite ligands or to determine the impact of specific mutations on parasite invasion efficiency. These include glycophorin A null cells (Miller et al., 1977; Pasvol et al., 1982a; Facer, 1983; Pasvol and Jungery, 1983) , glycophorin B null cells (S-s-u) (Pasvol et al., 1982a; Facer, 1983; Pasvol and Jungery, 1983) , glycophorin C mutant and null cells Gerbich and Leach (Serjeantson, 1989; Lobo et al., 2003; Maier et al., 2003) and Duffy antigen receptor for chemokines (DARC) null cells (Horuk et al., 1993; Chitnis, 2001) . Polymorphic proteins have also been analyzed, including ABO blood group variants (Fraser et al., 1966; Cserti and Dzik, 2007; Uneke, 2007; Rowe et al., 2009b) , Band 3 deletion mutants (SAO) (Cortes et al., 2004) , and Oka blood group variants of the Basigin protein (BSG) (Crosnier et al., 2011) .
While no known null exists for Complement receptor 1 (CR1), cells with high and low erythrocyte surface expression of CR1 are common, and these expression level differences impact Plasmodium falciparum invasion (Spadafora et al., 2010; Tham et al., 2010) 
Protein trafficking and display
While the observation that HbAS is associated with protection from severe malaria was made decades ago (Allison, 1964) and hemoglobin C (HbC) has also been shown to be protective (Flint et al., 1998; Agarwal et al., 2000; Modiano et al., 2001) , researchers have been searching for the mechanism of this protection. Plasmodium falciparum invasion and growth appear to be decreased in HbAS cells in vitro (Friedman, 1978; Pasvol et al., 1978) , but it has been suggested that other factors must be involved for protection to be observed in vivo.
Parasite adhesive proteins, such as PfEMP1, are exported to the surface of the infected eythrocyte where they adhere to host receptors resulting in sequestration of P. falciparuminfected erythrocytes. It has been found that display of PfEMP1 and cytoadherance is altered on the surface of HbC containing cells (Fairhurst et al., 2005) , and HbAS and HbS (hemoglobin associated with sickle cell anemia) containing cells (Cholera et al., 2008) . A precise mechanism of abnormal display in HbSC (hemoglobin associated with sickle cellhemoglobin C disease) and HbCC (homozygous for hemoglobin C) cells has been recently proposed (Cyrklaff et al., 2011) . Using cryoelectron tomography, researchers were able to observe that the parasite generates a human actin network to link the developing parasite with Maurer's clefts, allowing proper trafficking of adhesive parasite proteins to the surface of the infected erythrocyte (Cyrklaff et al., 2011) . The presence of hemoglobin C or S resulted in disordered actin networks and aberrant trafficking, possibly making these cells vulnerable to clearance by the spleen.
Rosetting is a process by which parasitized erythrocytes bind to uninfected erythrocytes, forming clusters (rosettes) that are thought to contribute to malaria pathology by blocking blood flow through small vessels (Kaul et al., 1991; Rowe et al., 2009a) and by facilitating the invasion of merozoites, resulting in increased parasitemia and anemia, as has been observed in human clinical isolates and in Saimiri monkeys (Rowe et al., 2002; Le Scanf et al., 2008) . Before its role in invasion was appreciated, the CR1 protein was identified as an erythrocyte receptor important in the process of rosetting (Rowe et al., 1997) . Later, ABO blood group polymorphisms, and in particular blood group O, were found to confer protection against severe malaria through a mechanism of reduced rosetting .
Functional genomics to identify novel candidates
While the roles of a few candidate polymorphic proteins have been identified through associative studies and confirmed in vitro, these known factors cannot explain the entirety of human genetic resistance to malaria, implying that many genetic factors have yet to be discovered (Mackinnon et al., 2005) . Functional genomics can provide a means of identifying such novel candidates. In recent years, genome-wide association studies (GWAS) have provided important insights as to the genetic determinants of diseases. It is only recently that such tools have been adapted to study genetically highly diverse populations, such as those found in Africa (Jallow et al., 2009; Teo et al., 2010) . One such study examining GWA with severe malaria in 2,500 Gambian children was able to identify a single known malaria resistance loci (HbS) (Jallow et al., 2009 ). The authors concluded that the insufficient tagging efficiency of a 500 K gene chip array (Affymetrix, USA), in addition to low allele frequencies and other factors which decreased statistical power, were responsible for the lack of known and novel malaria resistance loci identified by the GWAS. However, when deep sequencing and multipoint imputation modeling around the HbS loci were conducted, the significance of the signal was increased and the causal single nucleotide polymorphism (SNP) was identified. Further known signals of resistance such as G6PD polymorphism and susceptibility (such as non-O ABO blood group) were confirmed upon deep sequencing, but significance levels were not sufficient to be detected by the GWAS methodology. It was postulated that the weak linkage disequilibrium present in African populations makes identifying causal variants more difficult and will increase the number of SNPs required to tag common variants in the population. Additionally, many resistance markers are present at either low frequencies or have reached fixation -decreasing the power of GWAS to detect those. Further, the population-specific sequence information is critical in designing and interpreting GWAS. In African populations resistance mutations can arise independently in loci under particularly strong selection and this results in different causal SNPs in different African populations, complicating the ability to conduct multicenter replication studies. With advances in sequencing technology and increased sequence coverage of diverse African populations, perhaps these challenges can be overcome and will increase the power of the GWAS approach for identifying determinants of malarial disease in Africa.
Biochemical approaches
Numerous biochemical approaches have been applied to identify the host erythrocyte receptors and the Plasmodium parasite ligands that are involved in the process of merozoite invasion. The primary challenge with biochemical approaches is stability and the temporal nature of the protein interactions. While some ligand-receptor interactions have been successfully identified biochemically (Galinski et al., 1992; Sim et al., 1994; Ogun and Holder, 1996) , many have eluded characterization.
Enzymatic cleavage
In addition to naturally occurring erythrocyte mutants, which are often rare, studies have been conducted using enzymatic cleavage to specifically remove non-overlapping sets of receptors from the surface of the erythrocyte (Binks and Conway, 1999; Okoyeh et al., 1999; Thompson et al., 2001 ). The advantage of these studies is that comparisons can be made between cells from the same donor, minimizing the confounding effects due to genetic variation. The disadvantage is that enzymatic treatment usually removes many potential determinants simultaneously. Enzyme-treated erythrocytes have been utilized in various assays, such as erythrocyte binding assays (EBAs), gel overlay and invasion assays, to identify receptor-ligand interactions. Each assay is based on differences in protein-protein interactions between the wild type (mock treated) and enzymatically cleaved erythrocytes. Whether recombinant proteins are incubated with erythrocytes, washed and eluted, as with EBAs; native protein gels of treated erythrocytes are run and overlaid with recombinant ligand as in gel overlays; or whether invasion of viable merozoites into enzyme treated cells are compared as in standard invasion assays, each assay relies on comparing the interactions due to the absence of a given set of receptors.
Early studies were done with neuraminidase treatment of erythrocytes to determine dependence of different strains on sialic acid (Mitchell et al., 1986) . Enzymatic cleavage of erythrocyte receptors with different proteases has been employed to define different receptors used by the parasite for binding and invasion of the erythrocyte, known as invasion pathways (Dolan et al., 1990; Reed et al., 2000; Duraisingh et al., 2003) . Such methodologies have allowed for comparisons between invasion pathway utilization for both laboratory and field isolated parasites (Okoyeh et al., 1999; Baum et al., 2003; Lobo et al., 2004; Nery et al., 2006; Bei et al., 2007; Deans et al., 2007; Jennings et al., 2007; Lantos et al., 2009; Gomez-Escobar et al., 2010) .
Antibody mediated blocking and inhibition
For erythrocyte determinants of invasion that are surface exposed, interfering with the protein's accessibility to the parasite through blocking antibodies, Fab fragments, or soluble receptor competition assays, have provided useful clues as to the mechanism of action of these determinants. High concentrations of antibodies required to inhibit parasite invasion can cause agglutination of the erythrocytes and changes in membrane rigidity. The use of Fab fragments can be used to circumvent these issues. While Fab fragments can be useful in invasion neutralizing experiments, they are not applicable to studies of opsonophagocytosis via binding of IgG to Fc receptors on phagocytic cells. Antibodies against glycophorin A have been shown to inhibit parasite invasion (Pasvol et al., 1982a; Pasvol et al., 1982b; Jungery, 1985) , however this inhibition may be due either to receptor blockage or to an increase in erythrocyte membrane rigidity (Pasvol et al., 1989) . In the case of CR1, certain monoclonal antibodies were able to disrupt the interaction between the CR1 receptor and its parasite ligand, PfRh4, in biochemical pull-down experiments (Tham et al., 2010) . Monoclonal antibodies were also shown to potently block the PfRh5-BSG interaction through binding to BSG at incredibly low inhibitory concentrations (Crosnier et al., 2011) .
In addition to blocking the host-parasite interactions with antibodies, soluble erythrocyte receptors have also been shown to inhibit parasite invasion. Recently, soluble CR1 was shown to inhibit parasites that relied on PfRh4 for invasion (Tham et al., 2010) . Inhibiting the PfRh5-BSG interaction using pentamerized BSG proved a potent inhibitor of all laboratory parasite isolates and recently in vitro-adapted Senegalese isolates tested to date, implying that this interaction may be essential for invasion of all strains (Crosnier et al., 2011) . The fact that targeting a receptor can give such potent cross-strain inhibition gives credence to the concept of host targeted therapies for malaria. While targeting the parasite ligand could give rise to rapidly evolving allelic forms, targeting a conserved receptor in the human host might actually circumvent the issue of polymorphism.
Identification of novel receptors: AVEXIS
One major challenge has been identifying receptor-ligand interactions due to their often weak and transient nature. To address this problem, an AVEXIS (avidity-based extracellular interaction screen) was developed to allow for high throughput screening of low-affinity protein-protein interactions (Bushell et al., 2008) . By multimerizing either the bait or the prey, the method allows for detection of low affinity interactions that are intractable by standard biochemical techniques. The AVEXIS system was applied to Plasmodium ligandreceptor interactions involved in invasion and resulted in the identification of BSG as the receptor for PfRh5 (Crosnier et al., 2011) . While this system successfully identified a major receptor-ligand interaction, one of the challenges is that only single pass transmembrane proteins (or proteins with large ectodomains predicted to be soluble) were included in the 40 erythrocyte protein preys. Therefore while some interactions may be identified, others remain to be discovered.
Chemical biological approaches
Besides biochemical approaches, chemical genetic approaches have been useful in validating existing players in the process of parasite invasion and egress and in identifying novel candidates. An important role for erythrocyte G-Protein signaling in P. falciparum invasion and growth was identified through hypotonic erythrocyte lysis, followed by loading erythrocytes with membrane insoluble protein cargo to inhibit the erythrocyte protein activity (Murphy et al., 2006) . Such experiments with re-sealed modified erythrocytes were able to establish a requirement of host G-Protein Coupled Receptors (GPCRs) for Plasmodium invasion. Targeting GPCRs has subsequently been suggested as a novel antimalarial strategy, either singly or in combination with other anti-malarial drugs (Murphy et al., 2006) . In addition to identifying signaling pathways involved in parasite invasion and growth, chemical genetic approaches have been applied to investigate the role of host proteases in parasite egress. By treating infected erythrocytes with DCG04-a papain family protease inhibitor-a specific block in schizont egress was identified (Chandramohanadas et al., 2009 ). The protease target for DCG04 was found to be human Calpain-1 through biochemical approaches (pull-downs with tagged DCG04 followed by mass spectrometry), and confirmed through hypotonic erythrocyte lysis followed by immunodepletion of the protease (Chandramohanadas et al., 2009 ). Further, small interfering RNA (siRNA) knockdowns in nucleated human U2OS cells and mouse fibroblast cell lines lacking both calpain-1 and calpain-2 were used in invasion and egress assays for the related apicomplexan parasite Toxoplasma gondii, and both showed the same egress phenotype. However, while the method of immunodepletion followed by re-sealing erythrocyte ghosts is suited to the study of certain cytoplasmic proteins, unfortunately it cannot be applied to the study of transmembrane proteins such as erythrocyte surface receptors.
Chemical genetic screening to identify Plasmodium Mitogen-activated protein (MAP) kinase inhibitors of parasite growth unexpectedly identified inhibitors of two mammalian kinases-PAK1 and MEK1, with no clear orthologs in the Plasmodium genome-that inhibited blood stage growth of P. falciparum, and both blood and liver stages of Plasmodium berghei (Sicard et al., 2011) . Such studies emphasize the importance of chemical genetic methods to identify novel host targets, especially in the erythrocyte.
Transgenic approaches
While studies using naturally occurring erythrocyte polymorphisms have been useful in determining the genetic basis of resistance to infection with Plasmodium, as with all studies of naturally occurring mutants, the paired control by definition is blood from another donor that is deemed to be wild-type for that polymorphism. These "controls" can be (and often are) polymorphic at other loci that are not under direct observation, can be of different ages, and potentially have been handled and stored differently, all of which can significantly confound the results. One way to truly observe the impact of absence on P. falciparum invasion and growth is to transgenically modify erythrocytes from the same donor, or modify them biochemically as with enzymatic treatment.
The in vitro generation of erythrocytes from stem cells has been explored both in terms of genetic targeting of the erythrocyte to understand function, as well as for targeted stem cell therapies. Previously, complete differentiation into fully mature erythrocytes required implantation into non-obese diabetic/severe combined immunodeficient (NOD/SCID) mice (Miyoshi et al., 1999; Neildez-Nguyen et al., 2002; Puthenveetil et al., 2004) . In 2005, a protocol was developed for the generation of synchronous reticulocytes and fully mature, enucleated erythrocytes from hematopoietic stem cells completely in vitro and with marked expansion in numbers from the progenitor cells (Giarratana et al., 2005) . The advances in this methodology made it technically possible to create genetically modified human erythrocytes in vitro. By targeting the hematopoietic stem cell precursors with lentiviral constructs designed to stably knock-down or transgenically express proteins, the terminally differentiated erythrocyte will contain mutations in isogenic backgrounds. The ability to knock-down protein expression with short hairpin RNAs (shRNAs), ectopically express or over-express proteins using expression vectors, and perform allelic replacement experiments has dramatically increased the tool kit available to researchers studying host-parasite interactions in Plasmodium invasion.
To date, there have been few studies that have utilized this erythrocyte culture system to genetically modify erythroid cells and erythrocytes in vitro. One study controlled expression of the surface exposed human blood group antigen Jka (Bagnis et al., 2009 ) while another studied the role of hemoglobin switching through regulation by BCL11A (Sankaran et al., 2009) . Additionally, we combined in vitro culture of hematopoietic stem cells to terminally differentiated enucleated erythrocytes, with lentivirus-delivered shRNA-mediated knockdown of erythrocyte receptors. Specifically, we targeted glycophorin A (Bei et al., 2010) , a receptor that interacts with PfEBA-175, demonstrating strain-specific differences in invasion efficiency. We used this approach to deplete erythrocytes of BSG (Crosnier et al., 2011) , the recently identified receptor for PfRh5, demonstrating that it appears to be essential for efficient invasion of all strains.
In addition to applying reverse genetic methodologies to the surface receptors of the erythrocyte utilized by Plasmodium for invasion, transgenic erythrocytes could be generated to determine the role of depletion of cytoplasmic and cytoskeletal erythrocyte proteins on pathogenesis related processes such as erythrocyte deformability, parasite protein trafficking and export, intracellular signaling, species-specific tropism and gametocytogenesis. The ability to genetically modify the erythrocyte through targeted knock-down, ectopic expression and/or over-expression of transgenes, allelic replacement, and temporal expression or depletion of target proteins, lends an additional level of sophistication and specificity to experiments aimed at identifying and characterizing host-parasite interactions.
Transgenic approaches have been applied to correct erythrocyte disorders such as murine beta-thalassemia (Imren et al., 2002) and sickle cell disease (Pawliuk et al., 2001) , the latter being corrected in human hematopoietic stem cells transplanted into mice. Recently, the same authors that pioneered the ex vivo culture of erythrocytes have piloted the use of such cells for transplant into humans (Giarratana et al., 2011) , again broadening the horizon for how these genetically modified cells might be used in gene therapy. Additionally, with recent advances in induced pluripotent stem (iPS) cells, there has been increased interest in the use of gene therapy to repair erythrocyte disorders using autologous cells from the patient (Lengerke and Daley, 2010) .
The prospect for future technologies
As the weapons in the arsenal become more advanced and diverse, we are able to target the host-parasite interface with increasing precision and specificity. Advances in the methodologies of both human genomics and erythrocyte genetics have identified novel determinants of Plasmodium infection and have given us the tools with which to interrogate those. GWASs are being adapted to highly diverse African populations by correcting for underlying population structure, making studies aimed at determining novel human determinants of Plasmodium infection more feasible (Teo et al., 2010) . While current reverse genetic methodologies for the erythrocyte have been performed using adult hematopoietic stem cells (Bagnis et al., 2009; Sankaran et al., 2009; Bei et al., 2010; Crosnier et al., 2011) , the potential to apply such methodologies to continuously selfrenewing iPS cells is the next goal. For instance, gene knockouts might be possible using iPS cells. As reverse genetic methodologies are being adapted and applied to the erythrocyte to identify and confirm suspected determinants of Plasmodium infection, forward genetic screens to identify novel determinants are becoming a reality.
As these methodologies develop and are refined, one can envision applications not only in the field of Plasmodium biology, but also in the fields of erythrocyte biology, hematology and gene therapy. While these methods enable the identification and validation of erythrocyte determinants of Plasmodium infection, it is our hope that they will also contribute to the development of potential host-targeted therapies for malaria and other diseases.
Highlights

►
Approaches for the functional analysis of erythrocyte determinants of malaria infection are described.
Methods to identify critical host surface molecules required for erythrocyte invasion by Plasmodium parasites are emphasised.
► Potential for transgenic manipulation of erythrocytes in vitro is described.
► Pros and cons of the different technologies used for molecular analysis of the erythrocyte are identified. Host-parasite interactions that facilitate erythrocyte invasion and erythrocyte remodeling.
(A) The erythrocytic stage of the Plasmodium life cycle depends on host proteins at a number of stages: schizont maturation, merozoite egress, merozoite attachment, merozoite invasion, and intracellular growth and parasite protein trafficking to the surface of the infected erythrocyte. Throughout this process, host Calpain-1 has been determined to be critical for parasite escape from the parasitophorous vacuole and erythrocyte egress, binding to erythrocyte blood group receptors has been shown to be required for invasion, signaling via G-protein coupled receptors (GPCRs) and host kinases have been shown to be necessary for intracellular establishment, and normal hemoglobin has been shown to be required for proper actin network formation and parasite adhesive protein export to the surface of the erythrocyte. (B) The host-parasite interface is shown in detail with respect to the invading merozoite. Parasite invasion ligands (Parasite Determinants) and human erythrocyte receptors (Host Determinants) which have been identified to date are shown. Host receptor modifications (glycosylation and terminal sialic acid residues) are shown. GPA, glycophorin A; GPB, glycophorin B; GPC, glycophorin C; CR1, complement receptor 1; BSG, Basigin; EBA, erythrocyte binding antigen; Rh, reticulocyte binding protein homolog. Methodologies employed for functional analysis of erythrocyte determinants of Plasmodium invasion and growth. Various experimental procedures have been employed to target both cytoplasmic and surface exposed erythrocyte determinants of invasion. Experiments employing naturally occurring mutants, biochemical approaches, chemical biological approaches and transgenic approaches have been used to identify and confirm the role of host determinants of invasion via absence, interference, ectopic expression, and overexpression. shRNA KD, small hairpin RNA knock-down. 
